The conformation and microstructure of soy glycinin were investigated by Fourier transform infrared spectroscopy and scanning electron microscopy after dry heating and autoclaving thermal treatments. The changes in frequency and signal intensity of infrared bands revealed the thermal denaturation on the solid-state structure of glycinin. The Fourier transform infrared spectral changes were subsequently assessed using the second derivative spectroscopy in the amide I region (1700-1600 cm −1 ). The bands at 1618 cm −1 and 1682 cm −1 were considered to reflect the formation of intermolecular and intramolecular aggregates (A1 and A2), and the contents of β -sheet indicated the degree of denaturation. In autoclaved samples, the contents of the glycinin α -helix, turn, random coil, and A2 significantly increased (P < 0.05), while the contents of the glycinin β -sheet and A1 significantly decreased ( P < 0.05). The dry heating slightly affected the secondary structures of glycinin. The scanning electron microscopy results showed that the autoclaving treatment glycinin had denser and more uniform gel with homogeneous pores and heterogeneous granular structure, and the dry heating glycinin had crumbled multi-layered sheet like structure. The data suggested that the conformations of the autoclaved glycinins had more changes than dry thermally treated glycinins. While both dry thermally treated and autoclaved treated samples showed a high content in β -sheet structures which may adversely affect protein utilization.
INTRODUCTION
Soybeans are an excellent source of protein. Soy proteins are widely applied in various food industry sectors, and are extensively used in the formulation of animal feeds. [1] Thermal treatment is a commonly used processing during the food preparation. Soy is only consumed in a processed form and hence, adverse effects, such as allergic reactions, and beneficial health effects, such as the availability of dietary antioxidants, may all be influenced by thermally induced changes in protein structure. [2, 3] Upon heating, the thermal motion of globular proteins increases leading to the rupture of intramolecular and intermolecular bonds that stabilizes the native protein structure. Then distilled water, and then the pH of the dispersion was adjusted to 7.5 using 0.5 M NaOH. The waterextractable soybean protein was obtained by centrifugation at 9000 g for 30 min. Sodium bisulfite (0.98 g/L) was added to the supernatant and the pH was adjusted to 6.4 with 0.1 M HCl, and the mixture was kept in an ice bath overnight. The following procedure was performed at 4 • C: The insoluble glycinin fraction was obtained by centrifugation at 6500 g for 20 min. The obtained glycinin fractions were washed with cold water and dispersed (with the pH adjusted to 7.5). Glycinin were further purified through a 2.5 × 100 cm sepharose CL-6B column, dialyzed extensively against distilled water and freeze-dried to produce the glycinin sample. The protein content in the aqueous phase was measured with BCA method. [18] Electrophoresis Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on a discontinuous buffered system according to Laemmli's method, [19] which utilized 12% separating gel (pH 8.8) and 4% stacking gel (pH 6.8). The gel was stained with 0.1% coomassie brilliant blue (R-250) in 10% acetic acid and 45% methanol, and destained in methanol-water solution containing 10% (v/v) acetic acid (methanol: acetic acid: water = 1: 1: 8, v/v/v). The tested samples were prepared by directly mixing the protein solutions (1%, w/v) with electrophoretic buffer, namely 0.25 M Tris-HCl buffer (pH 8.0) containing 10.0% (w/v) sodium dodecyl sulfate (SDS) and 2.5% (v/v) β-mercaptoethanol in a ratio of 1: 2 (v/v). The procedure of native-PAGE was similar to that of SDS-PAGE, except that there was no SDS and β-mercaptoethanol in the Tris-HCl buffer and no thermal treatment was applied before electrophoresis.
Preparation of Heat-Induced Aggregates
Wet thermally treated glycinin (WG) powders were autoclaved for 20 min at 120 • C (1 atm). Dry thermally treated glycinin (DG) samples were heated in a thermostatic oven at 120 • C for 20 min. After thermal treatment, the glycinin powders were immediately cooled to room temperature with an ice bath, and kept at 4 • C overnight.
Measurement of Infrared (IR) Spectra and Data Manipulation
The glycinin sample powders were prepared with potassium bromide (KBr) pellet method. [20] The sample quantity (2 mg) in KBr (200 mg) was chosen in order to optimize the pellet transmittance and to obtain a well detectable absorption in the spectral region of the amide I. Forty scans were taken for each interferogram at 4 cm −1 resolutions from the 4000 cm −1 to 1000 cm −1 region using Magna 360 Nicolet spectrometer (Madison, WI). Reference spectra were recorded under identical condition, with KBr pellet containing no protein. Subtraction of the reference spectrum from that of the sample was carried out in accordance with the criteria described below. All spectra were 10-point filtered and the polynomial baseline corrected using Omnic 8.0 (Nicolet Analytical Instruments). Fourier self-deconvolution was applied to the amide I spectra. The band narrowing was achieved with a full-height (FWHH) of 30 and a resolution enhancement factor (RHF) of 4.0. The relative amounts of different secondary structure of the glycinin samples were determined from the IR second derivative amide I spectra by manually computing the areas under the bands assigned to a particular substructure using Origin 7.5 (Origin Lab Corporation, Massachusetts, USA) software.
Scanning Electron Microscopy (SEM)
A JEOL JSM-6480LV SEM was employed to examine the microstructure of the glycinin powders at an accelerating voltage of 5 kV. Before using the SEM, the samples were mounted on double-sided adhesive tape attached to SEM stubs and coated with gold in an argon atmosphere using a Balzers evaporator (model SCD 050, Baltec Lichtenstein, Austria).
Statistical Analysis
All experiments were performed in triplicate. The differences in mean were calculated with T-test for means with 95% confidence limit (P < 0.05). SPSS software (Version 12.0 for Windows, SPSS Inc., Chicago, IL) was applied to conduct statistical analysis of the data.
RESULTS AND DISCUSSION
Electrophoresis Figure 1 showed the electrophoresis results of the raw glycinin. As expected, the obtained glycinin appeared typical SDS-PAGE profile of acidic and basic polypeptides, corresponding to the bands of about 35-40 kDa and 18 kDa, three faint bands near 66 kDa corresponding to α (∼68 kDa), α (∼64 kDa), and β (∼50 kDa) subunits of β-conglycinin were observed as contaminants in the protein preparations, respectively in Fig. 1a lane 1. The relative purity of this glycinin was above 95%, as estimated by the densitometric scanning technique (data not shown). Native-PAGE was conducted to analyze the association and dissociation of the glycinin subunits. As shown in Fig. 1b , three main dense bands appeared in the lane, suggesting that glycinin contained some oligomeric structures of hexamers, trimers and monomers. This result proved that part of the oligomers could dissociate into trimers and monomers during the preparation of purified glycinin.
FTIR Spectroscopy
The FTIR analysis explores the vibration of functional groups present in macromolecules and shows the molecular structural changes of the molecules through shifts in wave numbers. The signal intensity gives information about the concentration of related functional groups. [21, 22] Figure 2 showed Hydroxyl deformation vibration in-plane 1280 *
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Amide III (C-N stretching N-H bending) 1147 * ND C-O stretching; C-C bending stretching UG: untreated glycinin; DG: dry thermally treated glycinin; WG: wet thermally treated glycinin; * same to untreated glycinin; a ND = not detected. the IR spectra (4000-1000 cm −1 ) of the purified, dry heated, and autoclaved glycinins. These spectra had a similar pattern of the absorption bands. The main bands were labeled in the figure and detailed spectral band assignments were given in Tables 1 and 2 . As seen from the figure and table, the spectrum of the glycinin samples was quite complex and contained several bands arising from the contribution of different functional groups.
When comparing normalized spectra of glycinin with different thermal treatment glycinin, the most notable difference was in the intensity and shape of the bands centered near 3400 cm −1 which can be attributed to a combination of N-H stretching vibrations from the protein and the H-O-H stretching vibrations of condensed phase water molecules. [23] As can be seen from the Fig. 2 and Tables 1 and 2, no major differences were observed between the untreated and dry heat treated glycinin in this region. However, an increase was observed from 0.254 ± 0.019 to 0.736 ± 0.087 (p < 0.05) in the intensity of this band at 3415 cm −1 for autoclaved glycinin, indicating that the molecular rearrangement of segments within individual proteins had occurred as a consequence of thermal energy. For autoclaved glycinin, moisture would lead to both greater flexibility of mobile segments and greater rigidity of immobile segments.
The bands that appeared at 2850-2960 cm −1 region were due to the symmetric and asymmetric stretching modes of methylene (CH 2 ) and methyl (CH 3 ) groups found in aliphatic chains of proteins. [24, 25] Untreated and dry heat treated glycinins showed one absorption band at 2889 cm −1 , however there was little change in the peak intensity of CH 3 asymmetric stretching at 2889 cm −1 indicating a change in the composition of the aliphatic chains. [26] Autoclaved sample showed two absorption bands at 2919 cm −1 and 2875 cm −1 , which correspond to CH 2 symmetric and CH 2 asymmetric stretching vibrations, respectively. The changes of the CH 2 groups gave information about the aliphatic side chains, which in-turn depended on the degree of conformational disorder and level of flexibility of protein subunits.
The other frequency range under consideration was 1800-1000 cm −1 fingerprint region. The IR bands associated with protein conformation, namely, the amide I, II, and III vibrations, overlap quite well once normalized. Typical protein bands at 1654, 1538, 1280, and 1240 cm −1 were associated with Amide I (80% C=O stretch, 10% C-N stretch), Amide II (60% N-H bond, 30% C-N stretch, and 10% C-C stretch), and Amide III (complex band resulting from several coordinate displacements), respectively. [27−29] As can be seen from Fig. 2 and Table 2 , an increased intensity (P < 0.05) was observed in amide I and amide II band from 0.421 ± 0.015 and 0.233 ± 0.029 to 0.686 ± 0.021 and 0.371 ± 0.003 in autoclaved glycinin. The changes of the amide I, II, and III bands' intensities are associated with the enhanced motion of the polypeptide backbone. [30] Amide III (1280 and 1241 cm −1 ) shifted to higher wave number of 1295 and 1249 cm −1 , and the intensity of band at 1241 cm −1 presented significant variation from 0.195 ± 0.023 to 0.286 ± 0.011 (p < 0.05) in autoclaved glycinin. Here the wavenumber shift indicates the quantitative alterations in secondary structure of proteins. In Fig. 2 , amide I, II, and III showed no major differences between untreated and dry heat treated glycinins, the dry heating slightly affected the secondary structures of glycinin.
The bands centered at 1467 cm −1 and 1456 cm −1 belonged to CH 3 and CH 2 deformation vibrations of protein side chain. [31] In the measured glycinins there appeared two bands as show in Fig. 2 .
We observed an increase in the intensity of the 1456 cm −1 (CH 2 bending vibration) band from 0.212 ± 0.009 to 0.247 ± 0.008 in case of autoclaved glycinin (P < 0.05; Table 2 ). The absorption band at 1398 cm −1 was assigned as COO − symmetric stretching, mainly fatty acids and amino acids from proteins. [32] As shown in Fig. 2 , the absorption band at 1398 cm −1 was significantly shifted to higher wavenumber 1403 cm −1 and the intensity of this band increased from 0.134 ± 0.025 to 0.209 ± 0.014 in autoclaved glycinin (P < 0.05; Table 2 ). The bands in the region of 1300-1350 cm −1 were tentatively assigned to in-plane hydroxyl deformation vibrations. [26] Untreated and dry heat treated glycinins had two absorption bands at 1344 cm −1 and 1359 cm −1 , but one absorption band at 1350 cm −1 was observed in autoclaved glycinins. The region of 1200-1000 cm −1 contained skeletal C-O and C-C vibration bands of glycosidic bonds and pyranoid ring. [33] The absorption band at 1147 cm −1 can be seen in untreated and dry heat treated glycinins while it disappeared in autoclaving glycinins. The peak intensity variations of these bands indicate the conformations of the side chains from proteins due to thermal treatment exposure.
Deconvolution and Curve Fitting of Amide I
The amide I band, which had a large majority of its potential energy distribution associated with the stretching of the C=O group in the peptide backbone, are most frequently used for conformational analysis. Thus, as shown in Fig. 3 and Table 3 the absorption peaks of a normal FTIR spectrum are broad and overlap one another. The resolution of these spectra can be improved by a self-deconvolution spectrum that makes the changes clear and distinguishable. The deconvoluted spectra of the proteins which gave the number, position, and intensity of the bands at the amide I region (1700-1600 cm −1 ) were showed in Fig. 3 , where several major bands were found. Table 3 showed the quantitative results of the curve-fitting of the original difference spectrum according to these assignations. After this process, the weak feature bands buried in some overlapped bands could be enhanced, and band positions corresponding to proteins were clearly distinguished.
Second derivative spectra of glycinin showed a strong peak at 1654 cm −1 , which was assigned to α-helix, and the other frequencies assignments for secondary structures of glycinin were at 1618 cm −1 , 1627 cm −1 , 1635 cm −1 , 1645 cm −1 , 1664 cm −1 , 1673 cm −1 , 1682 cm −1 , and 1691 cm −1 (Fig. 3) . The 1618 cm −1 component was assigned to inter-molecular aggregates, the 1682 cm −1 one to intra-molecular aggregates. [34−36] According to the assignments of Byler and Susi, [13] the βsheet absorption was in frequency region of 1610-1640 cm −1 and 1670-1680 cm −1 , peaks among 1660-1670 cm −1 and 1680-1700 cm −1 could be assigned to β-turn structure, and a component close to 1645 cm −1 was assigned to the random coil structure. Thus, as show in Fig. 3 and Table 3 , the major secondary structures of these three glycinin samples were β-sheet, followed by β-turn, α-helix, and random coil on the basis of the deconvolution of the amide I region. Hydration had some effect on glycinin IR bands with the position of the deconvolution of the amide I band shifting higher wavenumber from 1618 cm −1 , 1625 cm −1 , and 1634 cm −1 to 1619 cm −1 , 1627 cm −1 , and 1635 cm −1 , and shifting lower wavenumber from 1648 cm −1 , 1658 cm −1 , 1664 cm −1 , and 1682 cm −1 to 1645 cm −1 , 1654 cm −1 , 1663 cm −1 , and 1681 cm −1 in autoclaved glycinin (Fig. 3) , which implies a change in hydrogen-bond strength. As a general rule, hydrogen bonding lowers the frequency of stretching vibrations, but increases the frequency of bending vibrations. [37] The deconvolution of the amide I band in dry heating glycinin showed very similar features to that of untreated glycinin, which suggested very limited changes in protein secondary structure between these glycinins. In Fig. 3 , the low-frequency region at 1606 cm −1 did not ascribe to secondary structures, and it may have contributions from side-chain glutamine because glycinin contains 19.3 mol% glutamine. [37] The most significant differences between dry and wet treatment glycinin from the deconvolution study can be associated with changes in β-structures. The retention of native β-sheet structure upon denaturation was also reported in soy β-conglycinin. [38] 
Quantification of Soy Protein Secondary Structures
The areas of assigned amide I bands in second derivative spectra were corresponding linearly to the amount of different types of secondary structure in the protein. [36, 38] The Gaussian curve fitting analysis was performed in amide I band and the results were shown in Fig. 4 . The percentages of α-helix, β-sheet turns and random coil structures in native and denatured glycinins were listed in Table 3 . Secondary structure and aggregates of dry heating glycinin had not significant changed comparing with the native glycinin.
Autoclaving treatment led to a significant decrease in the content of β-sheet structure from 40.677 ± 1.400 to 33.907 ± 0.728 (p < 0.05), while the significant enhancement in α-helix, turns, and random coil conformations from 15.722 ± 0.446, 28.331 ± 1.385, and 15.271 ± 0.408 to 17.878 ± 0.094, 30.745 ± 0.571, and 17.470 ± 0.517 (p < 0.05) by comparing the structures of native glycinin (Table 3) hexameric species surviving the thermal treatment. Or the dominant effect may be the melting of the interface between the two β-barrel domains of glycinin, without the unfolding of the barrel structures themselves. [12] The inter-molecular aggregates of autoclaving glycinin decreased significant from 11.137 ± 0.890 to 6.242 ± 0.912 (p < 0.05), while intra-molecular aggregates increased significant from 9.577 ± 0.557 to 14.261 ± 0.426 (p < 0.05) in Table 3 . Autoclaving treatment caused a reduction of β-sheets and inter-molecular aggregates, an increase of intra-molecular aggregates and random coil structures in glycinin. These results also might be due to the changes in thermal treatment leading to unfolding of the glycinin molecules, and increased hydrophobic groups at the surface of the molecules, which could interact with each other and form aggregates. Polypeptide chain unfolding and aggregation phenomena occurred at different scales, both processes were often concomitant. [39, 40] As far as the relationship between structural and nutritional properties is concerned, a high level of β-sheet structure has been hypothesized to be responsible for low access to proteolytic enzymes and might decrease the protein digestibility. [41, 42] Unknown properties of highly stable β complexes may be responsible for preserved antigenicity, as it has been described for storage proteins from peanut and other structurally related major food allergens of the cupin family. [43] FTIR absorption spectroscopy unveiled the structure changes of denaturated glycinins at a molecular scale, which can be a significant support for a further understanding of bioavailabilitity of soy proteins. Microstructure at the Fractured Surfaces of Glycinin SEM observations are useful for assessing the topography and surface of glycinins. Figure 5 showed the surface images of the untreated glycinin, dry heating, and autoclaving treated glycinin. It was observed that the untreated glycinins had more homogenous structure than amorphous matrix, and the aggregates characterized the nature of the fibrils at a magnification factor of 1000-fold in Fig.  5a . The formation of these larger fibrous aggregates further supported the idea that they stacked by partially modified disc-like trimers (in Fig. 5b ). While the dry thermal treatment samples had crumbled structure of multi-layered sheet, as shown in Fig. 5c , and packed dense structure at a magnification factor of 5000-fold in Fig. 5d . These observations were consistent with the formation of a brittle surface and many discontinuous fragments. Heating may disrupt non-covalent forces and dissociate the hexamers, thereby facilitating the association of the glycinin molecules, leading to the formation of multi-layered aggregates and large compact macroaggregates. Figures 5e and 5f . showed the micrographs of the glycinin gels formed by wet thermal treatment; autoclaved glycinin had denser and more uniform gel network with homogeneous pores and heterogeneous granular structure. The formation of this dense and homogeneous network was responsible for the higher strength of the hydrogel. Glycinin gels had a high water holding capacity, the water molecules are trapped in the 3-dimensional protein network. The morphology after different thermal treatment was changed considerably, which could have a significant impact on physical-chemical properties of glycinins. [44] 
CONCLUSION
We used sodium dodecyl SDS-PAGE to confirm high-purity glycinin, and native-PAGE suggest that the purified glycinin samples partially dissociated into trimers and monomers. The changes in frequency and signal intensity of IR bands revealed the thermal denaturation of glycinin. Examination of the secondary structure conformations revealed that dry and wet heat treated glycinins had higher levels of alpha-helix and intra-molecular aggregates, which might impact on the nutritional or functional properties of the processed foods. The SEM showed glycinin aggregates of different shapes and sizes, suggesting the spontaneous interactions arising from partial unfolding of the molecules. Finally the present study shows that the FTIR spectroscopy is a very informative technique for determining the changes induced by thermal denaturation in plant proteins at molecular level.
